A novel method was developed to produce Al 2 O 3 /AlN composite powders. The composite powders were synthesized by the direct nitridation of Al 2 O 3 using various additives by plasma processed with two different types of gas (Ar/N 2 and N 2 plasma). The effects of these two different plasma gases and additives on the formation of the Al 2 O 3 /AlN composites were studied. The x-ray diffraction results in the composite powders showed that the cubic AlN was converted to the major phase while transient ␥-Al 2 O 3 was the minor phase when the composite powder was fully melted using nitrogen as the sole working gas. In contrast, the main phase was still ␣-Al 2 O 3 when the composite powder was not well melted using the mixture of argon and nitrogen as the working gas. Carbon was found as an effective conversion additive to increase the cubic AlN of this composite powder up to 49 vol%. The reaction mechanism of forming this composite powder was also analyzed.
I. INTRODUCTION
Thermal plasma spraying techniques have been used for many years to produce layered coatings for many different applications. [1] [2] [3] Such coatings have been increasingly used in the automobile, aerospace, textile, biomedical, electrical, and optical industries to impart properties of wear resistance, thermal barrier, corrosion resistance, biocompatibility, and electrical insulation. [4] [5] [6] Although it was initially intended for coating purposes, plasma spraying has widened its scope to perform powder processing, which allows in situ production of ultrafine powders 7, 8 and ceramic-matrix composite powders, 9 and opened up new approaches to material processing. Thermal spraying is characterized by its high temperatures (∼10000 K), high specific energy densities, and high cooling rates. 10, 11 The use of thermal spray methods to synthesize particulate systems in contrast has only been developed recently. Early attempts included the use of a direct current (dc) plasma reactor to form carbides from metal powders and gaseous precursors. 12 Fine SiC powders were also synthesized using SiO 2 particles and CH 4 gas in a dc plasma jet reactor. 13 Arc plasma methods were also used for the direct production of ultrafine silicon powers and nitrides/carbides of silicon, titanium, and tungsten. [14] [15] [16] Nanocrystalline zirconia powders were produced using zirconium butoxide solutions by thermal spray pyrolysis. 17 These recent works have demonstrated the feasibility of producing fine powders by reactive plasma spray processing, which is able to vary the extent of the chemical reaction in the plasma environment, allowing a reasonable method by which to prepare varying composite powder system. Composite materials have the ability to improve mechanical, chemical, and thermal behavior by combining materials with distinctive or supplementary properties. [18] [19] [20] Recent works have shown how, using such a plasma spray method, a Al 2 O 3 /AlN integral composite powder system can be formed, which can be cost effectively sintered to give a pure AlN powders as well as monoclinic AlN substrate. 21, 22 In the case of the latter, full densification of AlN was obtained below the sintering temperature of 1700°C, avoiding the adverse formation of AlON and resulting in high thermal conductivity values. Many sintering aids have been identified for AlN, 23 among which alkaine earth metal 24 compound and yitrium and rare-earth metal 25 compounds are the most commonly studied. This paper presents a study on the preparation of a smaller Al 2 O 3 /AlN composite powder using plasma processing but with various additives. Ballmilled Al 2 O 3 and different additives were used as the initial materials to prepare the Al 2 O 3 /AlN composites powders. The process characteristics and reaction mechanism of the composite powder were also studied.
II. EXPERIMENTAL PROCEDURE
Commercial Al 2 O 3 powder (purity 99.6%) with an average particle size of 27 m from Cerac, (Milwaukee, WI), was used as the starting material. Four different additives were investigated: activated carbon, CaF 2 , Y 2 O 3 , and Sm 2 O 3 . Additive ratio was maintained at 10 wt% for all samples. The Al 2 O 3 powder, together with each additive, was ball milled using a Fritsch (Laval, Canada) P-5 Planetary Mill with a 20:1 ball-to-weight ratio, at 200 rpm for 8 h. The particle size and its distribution of the powders were measured by a laser diffraction method using the Fritch Particle Sizer Analysette 22 (Germany). The average particle size of composite powders used for plasma processed was about 2.45 m. After ball milling, the powders were plasma sprayed. Two different plasma atmospheres (Ar/N 2 and N 2 ) were investigated for all four types of samples. Figure 1 presents a schematic illustration of the apparatus used. This system consists of a plasma gun (GP-3, Prexair Technologies, Danbury, CT), a powder feed hopper (Miller Thermal, Danbury, CT), a vacuum reactor with cooling water, an exhaust gas treatment system and a reaction vacuum chamber for collecting the powders. The GP-3 spray gun, which was mounted at the front of a vacuum reactor, was operated at about 30 kW with either nitrogen gas or argon/nitrogen gas combinations. The powders were injected into the plasma arc using a vibration feeder by means of nitrogen gas and were directly nitrided. This process resulted in the formation of the composite powders. After collection from the vacuum reactor, the composite powders were kept dry in a desiccator.
Phase compositions of the Al 2 O 3 /AlN composite powders were determined by x-ray diffraction using Cu K ␣ radiation at 50 kV and 20 mA with a Philips (Allentown, NJ) MRD1880. All the peaks in the 2 range from 20°to 80°were used to calculate the relative intensities.
To calculate the phase composition, the ratio of (2)] in the composition were expressed as:
where I ␣−Al 2 O 3 (113) , I AlN(311) , and I ␥-A 2 O 3 (400) were the integral intensity of the highest peak of ␣-Al 2 O 3 , cubic AlN, and ␥-Al 2 O 3 , respectively. The particle size and its distribution were measured by laser diffraction with a Fritch Particle Size Analysette 22. A scanning electron microscope (SEM) equipped with an energy-dispersive x-ray analyzer (EDX, Link 5130) was used for microstructural and elemental analysis. X-ray fluorescence (XRF) spectrometer (Philips, PW. 2400) was used to measure the element composition in the composite powders. The standard samples for XRF were made by mixing 3.5 g composite powder and 5 wt% wax. The samples were formed under 75 bar by Enerpac 15 Ton Press (Wellesley, MA) for 1 min. A Perkin-Elmer FT2000 Fourier transformed infrared spectroscopy (FTIR) was used to observe the Al-O and Al-N bonds in the composite powders produced. A Netzsch (Waldkraiburg, Germany) model DSC 404 differential scanning calorimeter was used to determine the powder reaction behavior with nitrogen up to 1550°C at the heating speed of 5°C/min. Figure 2 shows the XRD spectrum of the composite powder produced with Al 2 O 3 and carbon, plasma sprayed using 30 kW in an argon/nitrogen atmosphere. It can be seen that ␣-Al 2 O 3 was the dominant phase and that transient ␥-Al 2 O 3 also appeared in the composite powders. The ratio of ␥-Al 2 O 3 to ␣-Al 2 O 3 was about 3:7 according to the Eq. (1). There was no evidence of AlN formation. Figure 3 shows the XRD pattern of the same powder composition plasma processed using 30 kW in a nitrogen 26, 27 that a dominant presented the metastable ␥-alumina phase over the ␣-alumina phase confirms that the powders melted well. On the other hand, grains not fully melted would lead to the dominance of residual ␣-alumina. According to McPherson, 28 this formation is due to the lower energy for nucleation from liquid for ␥ than for ␣ phase. The reason for the varying effect of different gases on particle melting is due to their different plasma heat enthalpy. It can be seen from Fig. 4 that nitrogen yielded a higher heat enthalpy than argon, 29 especially at higher temperatures, providing enough heat for complete particle melting.
III. RESULTS AND DISCUSSION
It is known that AlN has a hexagonal crystalline form with a wurtzite-type structure, which is its most stable form. However, it can also exist as an oxygen-stabilized cubic structure, which is unstable at high temperatures in a nitrogen atmosphere. 30 In the plasma process using nitrogen as the plasma gas, AlN nuclei first forms on the surface of the molten Al 2 O 3 particles and produces the cubic structure that contains nitrogen and oxygen ions. With the AlN nuclei growth in the nitrogen atmosphere, it gradually crystallizes to form a single-phase AlN hexagonal structure. Because of the high quenching rate of the plasma flame, there would not be enough time for the AlN to crystallize into its hexagonal form, thus forming the oxygen-stabilizing cubic form during the high quench process. This led to the formation of oxygen-stabilized cubic AlN. However, this cubic AlN does not form when plasma is processed in an argon/nitrogen atmosphere. It is because the Al 2 O 3 particles were not fully melted, and there is not enough nitrogen in the environment when the combined argon/nitrogen gas is used.
The evidence for a liquid-state reaction was seen in the change in morphology of the resulting plasma sprayed composite powder. Figures 5 and 6 show the SEM micrographs of the Al 2 O 3 /C powders plasma processed in argon/nitrogen plasma gas and nitrogen gas, respectively. It can be seen from Fig. 5 that the partially melted powders were irregularly shaped and coarse. In contrast, Fig. 6 shows fully spherical and individually densified powders after plasma processed. This shows conclusively that liquid state was achieved during the plasma reaction. Figure 7 (a) further shows a higher magnification of the spherical composite powders. The plasma processing resulted in a spherical particle with cracks on the surface, typical of rapidly cooled droplet-generated particles. The plasma processing resulted in a plasma flame above 10,000 K, generating extremely high heating and cooling rates to result in melting, reaction, evaporation, and cooling to solidification all within milliseconds. The rapid solidification process thus enabled the trace of crack formed on the spherical surface AlN also formed on the surface of the Al 2 O 3 particles. This was identified by EDX, as shown in Fig. 7(b) . The EDX results show the presence of elements of Al, C, N, and O. Because the elements of C, O, and N are low atomic number elements, further examination of the elements composition was measured by XRF (spectra shown in Fig. 8) . Figure 9 shows the FTIR spectroscopy results for the commercial Al 2 O 3 and AlN as well as the composite powders. The infrared spectrum of the composite powders show two peaks related to the Al-N bond at around 750 and 1334 cm −1 , which confirm the presence of AlN. This result agrees with the EDX and XRF results. A strong Al-O bond was observed at 600 and 1636 cm −1 . The broad peak around 3400 cm −1 was the H-O bond due to the composite powders absorbing moisture of the air. Therefore, it is very important to keep the powders dry. Figures 10 and 11 show the XRD spectrum plasma processed Al 2 O 3 with and without Sm 2 O 3 , at 30 kW in nitrogen gas. As observed, the only SmAlO 3 phases are indicated in Fig. 10 . The reaction equation for the formation of SmAlO 3 is as follows
It can also be seen that the amount of cubic AlN phase formed was nearly constant, with or without the addition of Sm 2 O 3 . Therefore, Sm 2 O 3 was not an effective additive to synthesize Al 2 O 3 /AlN composite powders. Y 2 O 3 and CaF 2 were also used as additives in the plasma processing. However, the results were similar, showing that these were also not effective additives to synthesize Al 2 O 3 /AlN composite powders.
Tables I and II list the phase composition and their relative volume ratio of plasma processed Al 2 O 3 with different additives using the Ar/N 2 or N 2 plasma gas.
From Table II , carbon is certified as the only promoter for improving the content nitriding of Al 2 O 3 in plasma processed. It is known 31 meet with Al vapor. Secondly, it also can be reacted with oxygen on the surface on the Al 2 O 3 particle. The whole reaction is the solid-liquid-gas reaction mechanism where Al 2 O 3 particle dissociating plays a determining role in the kinetics, which leads to the reaction mechanism through the following basic steps
While the addition of the additives except carbon did not result in a significant increase in the conversion extent to AlN, it is surmised that the process may be able to increase the reactivity of the plasma processed composite powders in being converted to AlN. To analyze this, both the starting powders of Al 2 O 3 /C/ Sm 2 O 3 and the same powders after plasma processing were analyzed by a high temperature differential scanning calorimeter (DSC) to determine the reaction behavior in a nitrogen atmosphere. Figure 13 shows the DSC results for Al 2 O 3 /C/Sm 2 O 3 powders, before (curve 2) and after (curve 1) plasma processed using 30 kW in a nitrogen atmosphere. Curve 1 shows an exothermic peak, measuring about 24.3 J/g at 985°C for the plasma processed powders. This represents the phase transformation of ␥-Al 2 O 3 into ␣-Al 2 O 3 :
Additionally, a broad but comparatively small endothermic peak also appeared at about 1300°C, measuring 568 J/g, which probably represents the nitriding reaction [as shown in Eq. (8)]. The DSC results for the unsprayed powders (curve 2), in contrast, show only one strong endothermic peak at about 1400°C, measuring significantly higher at 5410 J/g, representing the extensively higher energy reaction of the powder. Evidently, the plasma spray process has conferred a higher reactivity to the powders, resulting in a drastic reduction in the heat of reaction required from 5410 to 568 J/g. Al 2 O 3 + N 2 + 3CO = 2AlN + 3CO 2 .
(8)
IV. CONCLUSIONS
Al 2 O 3 /AlN composite powders were successfully produced by plasma processed Al 2 O 3 with the activated carbon in nitrogen plasma. The results showed that plasma gas system and additives had a great influence on the phase composition of the Al 2 O 3 /AlN composite powders in the process of plasma processing. Starting ␣-Al 2 O 3 was converted to transient ␥-Al 2 O 3 and cubic AlN when carbon additive was used, and plasma was sprayed in a nitrogen atmosphere. Activated carbon was as effective additive to increase the formation of cubic AlN. Maximum achievable cubic AlN content was about 49 vol%. EDX results further confirmed the presence of AlN in the composite powders. The morphology of the composite powders was spherical, with fine AlN particles formed on the surface of the Al 2 O 3 particles.
